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Abstract. Atmospheric inputs to the ocean of dust origi-
nating from Africa are compared with downward dust ﬂux
in the oceanic water column. Atmospheric ﬂuxes were es-
timated using remote-sensing-derived dust optical thickness
and parameters from a transport/deposition model (TM2z).
Oceanic ﬂuxes were measured directly over/in two regions
of contrasting primary productivity of the northeastern trop-
ical Atlantic (one mesotrophic and one oligotrophic, located
at about 500 and 1500km off Mauritania) underlying the off-
shore dust plume. In both regions, estimates of annual at-
mospheric dust inputs to the ocean surface are lower than,
but of the same order of magnitude as, oceanic ﬂuxes (49.5
and 8.8mg.m−2.d−1 in the mesotrophic and oligotrophic re-
gions). Part of this mismatch may reﬂect both a general
ﬂaw in the dust grain size distribution used in transport mod-
els, which likely underestimates large particles, and/or lateral
advection to each region of dustier surface waters from up-
stream, where dust deposition is higher. Higher-frequency
temporal coupling between atmospheric and oceanic ﬂuxes
seemstobeprimary-productivitydependent, ashypothesized
in previously reported studies.
Key words. Atmospheric composition and structure (aero-
sols and particles; geochemical cycles) Oceanography: bio-
logical and chemical (geochemistry)
1 Introduction
Wind-blown lithogenic dust could exert a strong climate
forcing via radiative scattering and condensation processes
while in the atmosphere (Levin et al., 1996; Tegen et al.,
1997), and also via its role in oceanic processes, for example,
through iron-fertilization (Falkowski, 1998). Yet the quan-
tiﬁcation of today’s atmospheric dust cycle has remained
largely elusive. In several regions, notably off northwest
Africa, much of this dust settles to comprise the main source
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of lithogenic material to the ocean (Rea, 1994). However,
direct measurements of dust deposition onto the ocean are
scarce, and reliable estimates require continuous monitoring
since only a few events may control the yearly ﬂux (Lo¨ ye-
Pilot et al., 1986; Prospero et al., 1987; Bergametti et al.,
1989). Such measurements are not available for the eastern
tropical Atlantic Ocean. Estimates of dust ﬂuxes in this re-
gion, as well as on the global scale, have been obtained from
atmospheric dust concentrations, settling rates and scaveng-
ing by precipitation (Duce et al., 1991; Prospero et al., 1996),
and more recently from transport models (Mahowald et al.,
1999; Guelle et al., 2000; Ginoux et al., 2001).
Atmospheric dust inputs to the ocean have also been in-
directly assessed from accumulation rates in sediments, and
from sediment traps in the water column. These ocean-based
methodsaregenerallyusedtovalidatemodeloutputs, assum-
ing a conservative dust transfer through the water column.
Such an assumption may be confounded by, for example,
advective processes (e.g. Ratmeyer et al., 1999a), and the
variable efﬁciency of biologically-mediated downward dust
transport (e.g. Bory and Newton, 2000). Due to the dearth
of dust deposition measurements close to ocean time-series
sites, only a few studies in the Mediterranean Sea have quan-
titatively explored the direct coupling of atmospheric dust
deposition with ﬂuxes in the water column (Buat-M´ enard et
al., 1989; Dulac et al., 1996). But results from these stud-
ies are somewhat tentative, given the rather short/fragmented
time-series data in the water column.
Here we present a comparison between estimates of daily
inputs of atmospheric dust to the ocean and downward
lithogenic particle ﬂux in the water column over an an-
nual cycle, for two regions of contrasting primary productiv-
ity (i.e. biological activity) – mesotrophic and oligotrophic
(hereinafter M and O) – downstream of Africa in the north-
eastern subtropical Atlantic (Fig. 1). Atmospheric data re-
sult from a combination of satellite-derived observations of
the dust load in the air column and model-derived deposi-
tion rates, and the oceanic data consists of time series mea-2068 A. Bory et al.: Atmospheric and oceanic dust ﬂuxes
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Fig. 1. Mooring locations (solid tri-
angles), schematic near-surface circu-
lation and atmospheric dust transport
pathways. Abbreviations are O, olig-
otrophic; M, mesotrophic; CC, Canary
Current; NEC, North Equatorial Cur-
rent; NECC, North Equatorial Counter
Current. Solid arrows, currents: solid
line, all year round; dashed line, fall,
winter and spring only; dotted line,
summer and fall only. Shaded area,
winter atmospheric dust transport track.
Open arrows, summer atmospheric dust
transport direction. Rectangles: gray
outline, Meteosat “windows”; black
outline, TM2z boxes.
sured by sediment traps at several depths in the water col-
umn. Temporal matches and mismatches of the atmospheric
andoceanicdatasetsarepresentedtocomplementpreviously
published data (Bory and Newton, 2000) in terms of under-
standing the dust transfer processes from the atmosphere to
the ocean water column, depending on the biological activ-
ity in the surface waters. Quantitatively, atmospheric and
oceanic ﬂuxes show signiﬁcant discrepancies. The possible
reasons for these are discussed in detail. Surface water cir-
culation may play a role. However, general ﬂaws in dust
characteristic representation in transport models – grain size
in particular – are likely to be responsible for at least part of
the observed difference.
2 Strategy
2.1 Oceanic ﬂux
Time-series measurements of particle ﬂuxes down through
the water column at three sites (Fig. 1) were obtained for
periods of 9–15 months during 1990–92 at 10–28 day reso-
lution using deep-moored conical sediment traps within the
EUMELI (EUtrophe MEsotrophe oLIgotrophe) and BOFS
(Biogeochemical Ocean Flux Studies) programs of the Joint
Global Ocean Flux Study (Bory and Newton, 2000). Fluxes
were measured at 1000 and 2500m depth at the oligotrophic
and mesotrophic EUMELI sites (21◦030 N, 31◦10W and
18◦300 N, 21◦05W), and at 1140 and 2190m depth at the
mesotrophic BOFS site (19◦000 N, 20◦10W). All moorings
were equipped with current meters; detailed conﬁguration,
sampling and analytical procedures are described elsewhere
(Bory and Newton, 2000). The lithogenic fraction of the total
particle ﬂux was estimated from Al concentration, assuming
that lithogenic material is 8.4% Al (value reported for deep-
sea sediment clay fraction by Turekian and Wedepohl, 1961).
2.2 Atmospheric ﬂux
In the absence of direct measurements, atmospheric dust fall-
outtotheoceansurfacehavebeencomputed. State-of-the-art
3-D transport models of Saharan dust still show signiﬁcant
deﬁcienciesinsimulatingdustdeposition, evenwiththemost
thorough models such as the TM2z. This dust transport and
deposition model has extensively been described and tested
(Balkanski et al., 1996; Schulz et al., 1996; 1998; Guelle
et al., 1998a, b; 2000). Brieﬂy, this is a global 3D, off-line,
tracer transport model with a grid size of 2.5 deg and 9 sigma
layers in the vertical (959, 894, 797, 635, 470, 323, 202,
110 and 40 mbar). It includes advection, convection, ver-
tical diffusion, sub-grid scale vertical transport by turbulence
and convection by clouds, sedimentation and a validated wet
deposition scheme of dust particles. The dust size distribu-
tion is explicitly treated. The dust emissions are computed
using a detailed prognostic parameterization which has been
validated independently (Marticorena and Bergametti, 1995;
Marticorena et al., 1997). The transport is driven by the
12-h analyzed meteorological ﬁelds for the European Cen-
tre for the Medium-range Weather Forecast (ECMWF) and
run with a 1-h time step. Still, TM2z, which simulates par-A. Bory et al.: Atmospheric and oceanic dust ﬂuxes 2069
Table 1. Summary of the TM2z-derived parameters used to estimate atmospheric dust ﬂuxes to the ocean in region O and M (corresponding
boxesonthemodelgridareshowninFig.1). SpeciﬁcextinctioncrosssectionanddrydepositionefﬁcienciesretrievedfromTM2zcorrespond
to “winter” (December–April) rainless days (precipitation in TM2z are model outputs from the European Centre for Medium-Range Weather
Forecast) when dust concentration was > 0.01mgm−2 and dust transport occurred below 1.2km
Region O Region M
Speciﬁc extinction cross section 1.09 0.98
at 550nm (m2 g−1)
Dry deposition efﬁciency 0.10 0.23
(Winter only) σ = 0.04, N = 2167 σ = 0.16, N = 399
Wet deposition efﬁciencies
Average 0.08 0.09
Maximum 0.37 0.80
ticle size distribution evolution during transport (with a dis-
tribution at the source close to that of the desert background
aerosol model given by Shettle, 1984), dry and wet deposi-
tion, as well as dust columnar optical thickness, misses im-
portant events when day-by-day comparisons of dust depo-
sition ﬂuxes are compared to coincident observations (see
Guelle et al., 2000, for details). Moreover, in summer, TM2z
does not yet reproduce correctly the dust concentration pro-
ﬁle above the Cape Verde region due to uncertainties in the
dust source expression. High dust concentration in the ﬁrst
levels of the model, corresponding to the trade winds, is ob-
tained, whereas the transport is known to take place mainly
in the Saharan Air Layer (hereinafter SAL) above the trade
wind inversion (they have a marine origin at this time of the
year and relatively low dust concentration is seen at ground
level; Chiapelloetal., 1995). Asthealtitudeofthedusttrans-
port strongly affects the gravitational deposition of the dust,
modeled dry deposition in summer is, as a result, likely to
contain large errors. Dust ﬂuxes to the ocean can also be esti-
mated with a better resolution using remote-sensing-derived
dust optical thickness. Such an approach, which requires one
to estimate dust grain size distribution, as well as dry and wet
deposition coefﬁcients, has shown encouraging results in the
Mediterranean (Dulac et al., 1992b, 1996). In these studies
the grain size distribution was the “desert background” given
by Shettle (1984). The deposition coefﬁcient ranges, how-
ever, were poorly constrained.
Here, we combined remote-sensing-derived dust optical
thickness obtained from Meteosat visible-channel numeri-
cal counts (see Moulin et al., 1997a, b, for details) and pa-
rameters from the transport model TM2z, to obtain the best
possible estimate of dust deposition ﬂuxes at the two ma-
rine sites. Over each mooring site, M and O, the calculation
of daily-averaged dust optical thickness was conﬁned to a
“window” of pixels (Fig. 1) enclosing the statistical catch-
ment area of the deepest sediment trap (i.e. the area of the
ocean surface within which the trap is supposedly collecting
particles; Bory and Newton, 2000). Optical thickness was
vertically resolved into low and high atmospheric levels (dry
deposition is predominantly from lower levels). To achieve
this resolution, for each dust “event” (a day when the opti-
cal thickness was above the monthly mean and exceeds that
of the two preceding and following days), the altitude of the
dust was assessed by back-trajectory analyses of air masses.
These analyses were carried out using TM2z in reverse mode
(and were, therefore, based on ECMWF wind ﬁeld analy-
ses; Ramonet et al., 1996) for two levels of the atmosphere
above the mooring sites, one representing the trade wind
(0.4–1.2km altitude) and the other the Saharan Air Layer
(hereinafter SAL; 2.6–4.7km altitude), both of which are
well documented in terms of dust transport. During a win-
ter dust transport episode, for instance, Dulac et al. (2001),
using a balloon borne nephelometer, observed that most of
the dust was found between 600 and 1400m altitude, just
above the marine boundary layer, and in the summer, aircraft
(Carlson and Prospero, 1972) and lidar (Karyampudi et al.,
1999) observations showed that the SAL is located between
1.5 and 5–6km altitude. For a given dust event, a continental
origin of the air mass in the lower level and a marine origin
in the upper level indicated that dust transport occurred in
the trade winds, while the reverse indicated transport in the
SAL. This approach clearly reproduces the seasonal cycle of
dust transport in this region, with higher concentrations at
the ground/sea level between early November and mid-April
(Chiapello et al., 1995) driven by the continental trade winds
(i.e. the “Harmattan”). This method’s validity was further
tested in region M (Fig. 1) for 1992, using measurements of
daily atmospheric dust concentrations at the ground level on
the nearby island of Sal in the Cape Verde Archipelago: mea-
sured peaks are in excellent agreement with optical-depth-
derived dust events identiﬁed in the lower atmosphere over
region M using back-trajectories (Fig. 2).
In both M and O regions, calculations of atmospheric dust
ﬂuxes to the ocean surface were based on a summer/winter
differentiation. For “winter” dust events (dust transport dom-
inantly in the lower atmosphere), dry and wet depositions
were taken into account. For “summer” dust events (dust
transport predominately at altitude), dry deposition was con-2070 A. Bory et al.: Atmospheric and oceanic dust ﬂuxes
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Fig. 2. Dust optical thickness at site M (shaded area and thin black lines) and dust concentration (expressed as Al) in the air at ground level
at Sal Island (bold solid black line) between December 1991 and August 1992. Shaded area, back trajectories indicate a continental origin
of the air mass in the lower atmospheric level (0.4–1.2km) and a marine origin in the upper level (2.6–4.7km); thin solid black line, reverse
situation; dotted line, no continental origin at any of the two levels; dotted line, continental origin at both atmospheric levels. Vertical bars
indicate days for which no dust optical thickness data is available.
sidered negligible (see Fig. 2 and Chiapello et al., 1995). For
each site, daily atmospheric dust columnar content was es-
timated using a speciﬁc extinction cross section calculated
as the mean ratio of the dust optical thickness versus the at-
mospheric dust columnar content, both retrieved from TM2z
(Table 1). As the model satisfactorily reproduces the dust
concentration and vertical distribution in winter, daily dry
deposition ﬂuxes were then determined for this period us-
ing mean dry deposition efﬁciencies (ratio of the dry depo-
sition ﬂux versus dust columnar content) given by the model
(Table 1). Daily wet deposition ﬂuxes were determined all
year round (the inaccuracy of the dust concentration proﬁle
in summer is thought to have little effect on the wet depo-
sition efﬁciency) using the model daily wet deposition efﬁ-
ciencies (ratio of the wet deposition ﬂux versus dust colum-
nar content). When both dry and wet deposition occur, only
the highest is taken into account.
3 Results and discussion
3.1 Dry versus wet dust deposition
In each region, both dry and wet deposition contribute sig-
niﬁcantly to the atmospheric-ocean dust ﬂux (Table 2). Wet
contribution to the total deposition, however, is much less
than in the west tropical Atlantic (Prospero et al., 1987).
This is consistent with the fact that (1) grain size distribution
shifts towards smaller sizes as the distance from the source
increases, and (2) dust reaching the western Atlantic is trans-
ported in the SAL at high altitude. Both factors limit the
gravitational deposition of the long-range transported dust,
which is, therefore, largely scavenged by rain, while coarser
grain size and lower transport in the trade winds associated
with little precipitation allow for dry deposition to dominate
in the eastern Atlantic. Wet deposition occurs only in sum-
mer in region M, but all year round in region O. Most of the
dust deposition takes place during a few major events, no-
tably in region M, where three dust events in winter and three
in summer (Fig. 3a) – each about 4–15 days long – comprise
about two-thirds of the dry and wet deposition, respectively
(see Table 3 for details).
3.2 Temporal variability of atmospheric and oceanic dust
ﬂuxes
In region M, the atmospheric deposition time series is char-
acterized by a large ﬂux increase in mid-December/early-
January (Fig. 3a). Dust ﬂux is then relatively low un-
til August/September, apart from a large deposition in
March/April. In the underlying water column, the high-
est lithogenic ﬂux is observed at the beginning of the year
(Fig. 3c), only a few weeks after the large winter atmospheric
deposition event (Fig. 3a). The lithogenic ﬂux then decreases
progressively, perhapsshowingtwominorincreasesinspring
and summer which coincide with large organic matter ﬂuxes
(Fig. 3b), and another increase (lower trap only) at the end
of the time series (late August–early September 1991). The
apparent similarities in the atmospheric dust and oceanic
lithogenic time series at site M support Bory and Newton’s
(2000) conclusions that a rapid down-column transfer of theA. Bory et al.: Atmospheric and oceanic dust ﬂuxes 2071
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Fig. 3. Region M. (a) Atmospheric dust ﬂuxes. Daily values (right-hand axis), and averages over sediment-trap sampling intervals (left-hand
axis). As dust optical thickness obtained for both mooring-site “windows” (Fig. 1) were nearly identical, only results for the EUMELI site
were used. Vertical bars indicate days for which no dust optical thickness data is available. (b) Particulate organic matter (POM) and (c)
lithogenic ﬂuxes in the water column (from Bory and Newton, 2000). Plain (dotted) thick and thin lines; BOFS 1140(2190) m and Eumeli
1000(2500) m depth traps, respectively.
Table 2. Mean atmospheric dust deposition and oceanic water column lithogenic ﬂuxes during study periods at regions O and M.
Water-column ﬂuxes are those obtained at 1000 and 1140m depth at EUMELI and BOFS sites, respectively
Flux Region O Region M
mg m−2 d−1 EUMELI: 21.03◦ N–31.10◦ W EUMELI: 18.30◦ N-21.05◦ W
BOFS: 19.00◦ N–20.10◦ W
Atmosphere
Dust Winter Summer Winter Summer
Dry deposition 3.7 – 19.7 –
Wet deposition 1.3 1.0 0 22.6
Mean 3.6 21.1
Prospero et al. (1996) 2.3a 16.0b
Ocean water column
Lithogenic 8.8 ± 1.1 49.5 ± 4.7
a Value given for 20/30◦ N–30/40◦ W.
b Value given for 10/20◦ N–20/30◦ W.
lithogenic material takes place, likely to be driven, as shown
by these authors, by the high biological activity in surface
waters and the consequent large and fast downward export of
particulate organic material carrying the dust.
In region O, most of the atmospheric dust deposition oc-
curs over the fall-spring period (Fig. 4a). In the water col-
umn, lithogenic ﬂuxes show no marked seasonal variability,
but are generally higher in fall-spring than spring-summer
(Fig. 4c). Low-frequency variability in atmospheric dust de-
position may, therefore, be reﬂected by water-column ﬂuxes
to some degree, but high-frequency temporal variability of
lithogenic ﬂux in the water column does not appear to be
closely coupled to atmospheric inputs. Instead, the high-
frequency lithogenic ﬂux variability resembles that of the
particulateorganicmatter(Fig.4b; thelinearregressiongives
a correlation coefﬁcient r2 of 0.64), which is argued else-2072 A. Bory et al.: Atmospheric and oceanic dust ﬂuxes
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Fig. 4. Region O. As per Fig. 3 legend. (b), (c), Plain and dotted lines, Eumeli 1000 and 2500 m depth traps, respectively. Note that the time
period and vertical scales are different from Fig. 3.
Table 3. Contribution of the 3 major dry and 3 major wet dust deposition events to the total dry/wet ﬂuxes, respectively, estimated at site M
during the study period
Dry deposition Wet deposition
Beginning of event 27/12/90 17/03/91 01/04/91 01/06/91 02/08/91 26/08/91
Ending of event 11/01/91 25/03/91 10/04/91 04/06/91 05/08/91 01/09/91
Fraction of the total 35% 16% 12% 10% 23% 31%
dry/wet deposition
where (Bory and Newton, 2000) to indicate that the latter
limits the export of dust, and, therefore, controls its tim-
ing. Such a hypothesis was supported by particle settling
rates and residence time measurements, that Bory and New-
ton (2000) found much slower and longer, respectively, in
region O compared to M. As a result, and in contrast with re-
gion M, the oceanic time series at region O does not directly
reﬂect the atmospheric signal.
3.3 Quantitative assessment of atmospheric and oceanic
ﬂuxes
Quantitatively, the downward atmospheric and oceanic dust
ﬂuxes are of the same order of magnitude, but the former
are 2–3 times lower, on average (Table 2). There seem to
be three possible causes for the mismatch: (i) down-column
ocean ﬂuxes of dust have been overestimated (sampling arti-
fact or advected mid-water inputs of dust); (ii) atmospheric
deposition has been underestimated; (iii) surface-water ad-
vection of deposited dust.
First, a possible overestimation of down-column ocean
ﬂuxes of dust due to a bias in sediment trap efﬁciency seems
unlikely since the later has been assessed (Bory and New-
ton, 2000; Bory et al., 2001), and errors on the lithogenic
ﬂux are estimated at, on average, <10%. Moreover, the alu-
minum content value chosen to estimate dust ﬂux is in the
upper range of those given in the literature (see Prospero,
1996, for review). Signiﬁcant mid-water lateral advection of
resuspended bottom sediment to the traps is also improba-
ble, given that no nepheloid layer was recorded and that the
lithogenic ﬂux varies little between different depths (Bory
and Newton, 2000).
Concerning the second of the potential causes of the ob-
served mismatch, a large underestimate of the summer atmo-
spheric dust input to the ocean is not supported by the dustA. Bory et al.: Atmospheric and oceanic dust ﬂuxes 2073
concentration time series over Sal (Chiapello et al., 1995).
Although those concentration measurements do not capture
the larger particles (> 20µm) which may reach the region,
those particles would represent at most 15% of the annual
ﬂux (Ratmeyer et al., 1999b) if we assume that sediment trap
material grain size distribution reﬂects that of atmospheric
dust in this range of the spectrum; this is an upper limit, al-
though aggregation processes in the ocean, among other fac-
tors, may lead to overestimating large particles. Therefore,
the 2–3-fold difference between atmospheric and oceanic
ﬂuxes cannot be attributed to our approximation of a neg-
ligible dry deposition in summer.
Ground-truthing indicates that remote measurements of
dust optical depth are reliable (Moulin et al., 1997a), but
converting dust optical depth to dust concentration using a
constant factor incorrectly assumes that particle grain size
distribution and density do not vary in time. It is difﬁcult
to assess precisely the inﬂuence of the density’s potential
variability but it is not thought to be signiﬁcant considering
the little temporal variation in the composition of the dust
in that region (Glaccum and Prospero, 1978). The absolute
value used in the model is 2.65, which is in the high range
of the density spectrum for atmospheric particles. Density
could not, therefore, account for a possible underestimation
of the atmospheric dust ﬂuxes. Concerning the grain size
distribution, the daily ratios of the atmospheric dust colum-
nar content versus dust optical thickness given by the model
vary only moderately, and there is no reason why the average
values that are used for each site would lead to a system-
atic underestimation of dust concentration. Moreover, even
if the value of the speciﬁc extinction cross section of the dust
model at the source (about 0.8 m2.g−1; Moulin et al., 1997a,
b) is used, the estimated atmospheric content and, therefore,
deposition only increases by ∼20%.
Dry deposition efﬁciencies depend on the square of the
grain size, and are proportional to density, as well as the
transport altitude. The relationship between the estimated
dust concentration in the lower atmosphere and the dust con-
centration at ground level, as measured at Sal, appears to be
variable (Fig. 2). This may reﬂect, among others, some vari-
ation in the altitude of transport which is beyond our ana-
lytical resolution. Since dry deposition depends on the alti-
tude of the dust, the conversion of estimated dust concentra-
tion in the lower atmosphere to dry deposition, using a con-
stant factor, is, therefore, an approximation, but here also,
the associated uncertainties are unlikely to be systematic. In
any case, in region M, for instance, the dry deposition efﬁ-
ciency that would be required for mean atmospheric ﬂuxes
to match mean oceanic ﬂuxes during the period when atmo-
spheric transport occurs in the lower atmosphere is close to
one, which is unrealistic.
Uncertainties associated with wet deposition also need to
be considered, in particular in region O, where precipitation
is more abundant and where a wet deposition event can de-
liver up to 20% of the total dust deposition during the moor-
ing deployment period. Such uncertainty is large due to un-
certainties in ECMF modeled precipitation data, and also as
the satellite sensor’s ability to detect dust decreases with the
cloud cover, which is when wet deposition is most likely to
occur. However, considering the difference in precipitation
occurrence in the two regions (none in region M during win-
ter, according to ECMWF outputs, which is in agreement
with precipitation data obtained at Sal Island; Bernadette
Chatenet, personal communication, 1997), any associated
dust-ﬂux underestimation should not affect both sites sim-
ilarly and could not explain the mismatch between atmo-
spheric and oceanic data sets in winter at site M, for instance.
Overall, although uncertainties associated with atmo-
spheric dust ﬂux are large, they do not seem to be able to
explain on their own the systematic differences between at-
mospheric and oceanic ﬂuxes in both regions, unless there is
a signiﬁcant bias in the modeled particle size distribution.
It is arguable, indeed, that a Shettle’s desert background-
like distribution, such as the one used in the model, whose
dust volume median diameter main mode (i.e. which rep-
resents nearly 80% of the total volume) is found at about
2.5µm, represents the true dust distribution at the source, or
even at the sampling sites (< 1000−3000km away from the
source), during dust outbreaks. Shettle’s desert background
distribution has been shown to represent well African dust
over Corsica, matching the size distributions retrieved from
cascade impactors in the 0.2–6µm size range (Dulac et al.,
1989), and leading to satisfactory estimates of dust ﬂuxes to
the ocean in this region (Dulac et al., 1992b; 1996). Shettle’s
desert background distribution seems also to best simulate
optical properties of the dust over the Atlantic (see Moulin
et al., 2001, and references therein). However, particles with
much larger grain size (whose contribution is generally dif-
ﬁcult to assess quantitatively by cascade impactors) are ob-
served near sources (e.g. Shettle, 1984), but also in remote
areas (see Pye, 1987, for review). One of the most strik-
ing evidence of long-range transport of large particles is that
of Betzer et al. (1988), who found particles up to 100µm in
diameter thousands of kilometers from their source in the Pa-
ciﬁc Ocean. Microscope observations of Saharan dust gravi-
tationally deposited in Corsica, for instance, have shown that
particles over 10µm in diameter can control the dry deposi-
tion ﬂux (Dulac et al., 1992a). The mass median diameter of
particles in “red” rains collected in Europe is also found to
be of the order of 10µm or more (Pitty, 1968; De Falco et
al., 1996; Stefano Guerzoni, personal communication, 2001;
Franc ¸ois Dulac, unpublished data). A few quantitative grain
size measurements are also available in the study region.
Chester et al. (1971, 1972), for example, found that 75–91%
of dust collected in the eastern tropical Atlantic is < 4µm.
These measurements, however, were not taken following ma-
jor dust storms. Prospero et al. (1970) report that coarser dust
fall can occasionally occur, even reaching the western tropi-
cal Atlantic. As a result of a vigorous storm in June 1967, for
instance, which was associated with a rapid transport across
the Atlantic, these authors report that about half of the par-
ticles collected in Barbados was in the 5–20µm fraction. It
has to be pointed out, however, that these Atlantic studies
were carried out using meshes, not ﬁlters, which may have2074 A. Bory et al.: Atmospheric and oceanic dust ﬂuxes
introduced a bias (underestimation) at the small end of the
grain size distribution. The above results, however, are con-
sistent with airborne measurements in the summer of 1997
in the Canary Islands area which indicated that the size dis-
tribution in mass of the dust particles in the free troposphere
was controlled by a mode at about 8µm in diameter (Collins
et al., 2000).
No model to date is able to make these coarser particles
travelveryfar, andshiftinggrainsizedistributiontowardsbig
particles in the model source actually reduces the long-range
transport of these larger particles which fall even sooner
(Schulz et al., 1998). Thus, although the grain size distri-
bution computed by the model may represent satisfactorily
the real size distribution of the dust most of the year, chances
are that the latter could be greatly underestimated during ma-
jor dust outbreaks affecting both atmospheric dust concentra-
tion, by underestimating the speciﬁc extinction cross section
– values at 550nm of about 0.55 and 0.7m2.g−1 have been
estimated in the Canaries (Maring et al., 2000) and Barbados
(Li et al., 1996), and values even as low as 0.23m2.g−1 have
been proposed 2000km away from the dust source (Sch¨ utz,
1979) – and the dry deposition efﬁciency calculations. As
those outbreaks are responsible for a large fraction of the
annual dust deposition, such a potential bias could indeed
lead to a signiﬁcant underestimation of the atmospheric dust
ﬂux, explaining in this study part and possibly most of the
observed mismatch between atmospheric and oceanic dust
ﬂuxes. The likelihood of a signiﬁcant underestimation of the
contribution of large particles affecting primarily the dry de-
position ﬂux is supported by a recent study based on another
transport model (Ginoux et al., 2001). In this study, unpre-
dicted ﬂuxes are thought to be due to the truncation of the
larger size fraction contribution in the dust particle size range
(largest simulated radius is 6µm), yielding to as increased
underestimation of deposition ﬂux with decreasing distance
to the source region.
The last hypothesis for this mismatch is surface-water ad-
vection of deposited dust. Surface currents have a strong
westward component (Bory et al., 2001) that could deliver
downstream the highly dust-enriched waters from coastal re-
gions. If the atmospheric dust deposition gradient between
regions O and M is extrapolated upstream, deposition near
the coast is estimated to be 2–3 times larger than in re-
gion M, consistent with the factors estimated using TM2z
and the model of Prospero et al. (1996). Surface-water par-
ticulate aluminum (hereinafter pAl) concentration measure-
ments also show a steep gradient, about 5-fold between a
site 130km west of Cape Blanc and region M (Tachikawa
et al., 1999). Given the surface currents in this region, typi-
cally 25–50cms−1, surface waters could be transported be-
tween these two sites in 8–16 days, which is the likely range
for dust residence time in surface waters (Bory and New-
ton, 2000). Such a rapid westward transport is supported
by pigment tracers and the timing of biogenic particle ﬂuxes
(Bory et al., 2001). Thus, the westward decreasing gradient
in surface-water pAl concentration (also observed between
regions M and O) could also account for a signiﬁcant part
of the quantitative mismatch between mean dust deposition
ﬂux and water-column lithogenic ﬂux for both regions M and
O. Surface waters, acting as a westward conveyor belt, would
transport deposited dust seaward, thus decoupling time-mean
atmospheric deposition and water-column dust export in the
space domain.
4 Conclusions
Quantifying the global dust cycle will only be achieved by
modeling. In this effort, model outputs, dust deposition in
particular, need to be tested against measured parameters in
the ﬁeld. Lithogenic ﬂuxes in the ocean water column have
recently been used on broad geographical scales to validate
dust transport models (e.g. Mahowald et al., 1999), assuming
a simplistic conservative transfer of the dust material from
the atmosphere to the oceanic water column.
The study presented here aimed at comparing estimated
dust deposition to the ocean and lithogenic ﬂuxes in the wa-
ter column at a high temporal resolution over a year-cycle pe-
riod in the eastern tropical Atlantic, to document dust trans-
fer processes from the atmosphere to the deep ocean and to
test the validity of state-of-the-art dust transport model pa-
rameterization. This study was carried out in two contrasting
regions in terms of biological activity, mesotrophic and olig-
otrophic, which was of particular interest given the major in-
ﬂuence of the biological activity on the dust transfer through-
out the water column. Comparing the best atmospheric dust
deposition data set available (obtained using remote sensing
derived data and parameters from the dust transport model
TM2z) and lithogenic ﬂuxes in the water column supports
Bory and Newton’s (2000) hypothesis that higher-frequency
temporal coupling between atmospheric and oceanic ﬂuxes
seems to be primary-productivity dependent. Most impor-
tantly, this comparison shows that estimated atmospheric
ﬂuxes are 2–3 times lower that oceanic ﬂuxes. A somewhat
under-representation in dust transport models of large parti-
cles, which seem to have the potential for travelling much
farther than models can predict, as well as a surface currents
redistribution of dust before settling, appear to be the two
likely causes for the apparent mismatch between dust ﬂux
estimates to the ocean and measured dust ﬂux in the water
column in the northeastern Atlantic. Estimating the respec-
tive contribution of the two identiﬁed causes is not possible
here as the few evidences discussed indicate that each could
have accounted for most of the mismatch.
Concerning the particle size distribution, a more elab-
orated way of representing particles shape (models incor-
rectly use the approximation of spherical and homogenous
particles, while clay minerals generally produce ﬂake-like
particles; e.g. Bergametti et al., 1992) might help to im-
prove the modeling of long-range transport of large particles.
While accurate size distributions in the submicron and mi-
cron ranges are essential to radiative models, a better rep-
resentation of larger particle modes would be crucial to the
quantitative estimates of dust ﬂux inputs to the ocean andA. Bory et al.: Atmospheric and oceanic dust ﬂuxes 2075
associated iron fertilization estimates, for instance. Finally,
when undertaking quantitative studies of dust cycling in re-
gions with similar shallow ocean dynamics, including when
attempting to validate model outputs, spatial decoupling of
dust deposition and export by surface currents should be con-
sidered.
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